The authors demonstrate readout of electrically detected magnetic resonance at radio frequencies by means of an LCR tank circuit. Applied to a silicon field-effect transistor at milli-kelvin temperatures, this method shows a 25-fold increased signal-to-noise ratio of the conduction band electron spin resonance and a higher operational bandwidth of > 300 kHz compared to the kHz bandwidth of conventional readout techniques. This increase in temporal resolution provides a method for future direct observations of spin dynamics in the electrical device characteristics.
Spin resonance is commonly used to spectroscopically identify spin species in material systems, particular in semiconductors, [1] and it also allows spin dynamics to be studied using pulsed excitation techniques. [2] Although classical spin resonance has the ultimate detection bandwidth, as the signal is detected directly via the re-emission of microwave radiation, the technique is usually limited to large spin ensembles. [3] In order to investigate few [4] and ultimately a single spin [5, 6, 7, 8 ] the spin information is transferred to a secondary quantity, such as charges or photons, which can be detected sensitively. Such direct electrical readout in electrically detected magnetic resonance (EDMR) is typically limited to the low bandwidths in the kHz regime. Therefore, coherent spin information can only be recovered from the long term electronic evolution of the sample after the microwave pulse. [9, 10] The development of radio frequency (RF) detection schemes for single-electron transistor (SET) electrometry [11] has overcome the limitation of low bandwidth. This has been achieved by embedding the sample in a resonant LCR circuit, which matches the probed resistance information to the impedance of the rf-circuitry of 50 Ω, allowing the measurement of the sample resistance at high bandwidths.
In this letter we apply the LCR tank circuit developed for radio frequency SETs to the detection of spin phenomena (in the following referred to as rfEDMR). We measure the RF reflectance of the LCR circuit as well as the low-frequency resistance of a metal-oxidesemiconductor-field-effect-transistor (MOSFET), and observe changes in both quantities under electron spin resonance. Furthermore, the temporal dependence of rfEDMR is studied and compared to conventional (low-frequency) EDMR demonstrating the high bandwidth of rfEDMR. This could in principle allow the direct investigation of coherently manipulated spin states, like Rabi oscillations as opposed to the reconstruction discussed in detail in Ref. [9] .
Using a LCR resonant circuit for the detection of EDMR requires that the change in the device resistance, monitored at virtually DC (< 10 kHz), can be detected at the resonance frequency f RF of the LCR circuit, typically a few hundred MHz. While this seems valid for high device mobilities, e.g. transport in the conduction band of Si, [12] systems where the transport is hopping mediated [13] may be an example where this method is not applicable.
For a silicon MOSFET, the spin-to-charge conversion process originates from a difference in scattering amplitudes for randomly formed spin pairs in singlet and triplet configuration in the MOSFET channel, the relative contribution of which is changed under spin resonance conditions, leading to a change in the total conductance of the electron accumulation layer by ∆σ/σ ≈ 10 −4 . [12, 14, 15] Incorporating this device as the resistive element in a LCR resonant circuit allows us to measure resistance changes via the magnitude of the absorption at f RF . [11] This is conveniently measured in reflection, where the reflection coefficient Γ is determined by the impedance mismatch between the coaxial line and the LCR circuit. In EDMR spin resonance manifests in a change ∆R of the total device resistance R and for rfEDMR small changes in ∆R, close to the matching condition |Z LCR (f )| ≈ 50 Ω, will result in a change of Γ ∝ ∆R. Additionally, calibration of the RF reflectance can be obtained by measuring the DC device resistance simultaneously and assuming that it is independent of the probe frequency. [11] The resistance can then be accessed quantitatively using the RF circuit, retaining the benefit of the increased bandwidth.
The MOSFET (cf. Interestingly, the two hyperfine-split lines expected for isolated phosphorus donors in silicon are not present in this spectrum. Their absence appears to be related to the bias conditions of the MOSFET, as they are present for higher source-drain bias (50 mV) and lower V G (0.3 V -not shown). This could be due to the trapping of electrons in a diamagnetic P − state which is ESR inactive. This state is approx 2-3 meV below the conduction band and therefore, the thermal excitation at low temperatures ∝ 200−300 mK and the resulting slow escape rate could explain the absence of the lines, [18] whereas for high bias conditions an increased escape rate due to tunneling is expected. This effect, whilst interesting, is beyond the scope of this publication focussing on the high-bandwidth readout, and will be discussed elsewhere. Figure 2 (b) shows the demodulated and lock-in amplified reflected RF signal, converted into an equivalent current using the calibration curve of Fig. 1 (b) measured under the same conditions as in Fig. 2 (a) . This spectrum was obtained in a single magnetic field scan with an incident RF power of -55 dBm or ∼ 0.4 mV at the input of the LCR circuit, similar to the dc bias applied . Fig 2 (b) shows a significantly better signal-to-noise ratio of S/N| 1 = 15 per field scan in contrast to the conventionally acquired data shown in (a) with S/N| 1 = 0.65 normalized to one scan. The improved signal-to-noise ratio could originate from two effects:
(i) at higher probe frequencies in the 1/f regime the noise level of the MOSFET is reduced [19] and (ii) the cold amplifier has a better noise performance than the room temperature current amplifier. This high signal-to-noise ratio enables monitoring the device resistance sensitively enough to observe spin-dependent resistance changes by direct acquisition of V IF with DSO. Figure 2 To experimentally explore the bandwidth of rfEDMR, we investigate the spin-resonant resistance change as function of the microwave frequency modulation rate f mod . Figure 3 compares the conventionally measured (lock-in amplified) peak-to-peak signal amplitudes obtained for the conduction band electron signal at B 0 =1.35429 T (blue squares) to the data acquired via the reflected RF signal in the tank circuit, again lock-in amplified (solid black circles). While the conventionally detected signal shows a 3 dB compression at f mod ≈ 15 kHz, as expected for a device resistance of ≈30 kΩ and cable capacitance of C cable ≈ 400 pF resulting in a f RC ≈ 13 kHz, the ∆I IF SD obtained via the lock-in amplifier shows no frequency dependence up to 100 kHz, the maximum frequency of the SR830 lock-in amplifier. To extend the accessible frequency beyond this limitation, we directly digitized V IF using a DSO and calculate the lock-in signal numerically (solid black circles). For the digital data acquisition we kept the number of recorded modulation periods constant. The response of the LCR circuit measured with the SR830 and the 'numerical lock-in data' agree quantitatively in the overlapping range, resulting in a measured f 3dB ≈ 300 kHz. This limit is attributed to the SR560 voltage preamplifiers used to post-amplify the output of the quadrature demodulation board and could be overcome by higher bandwidth preamplifiers.
In conclusion, we present a high bandwidth detection method to observe EDMR using a LCR tank circuit. Measuring rfEDMR for a silicon MOSFET, quantitative agreement with conventionally detected EDMR is demonstrated with a 25-fold increase in the signal-to-noise ratio and a detection bandwidth > 300 kHz. These two properties are the key requirement to probe dynamic spin information in the conductance directly, e.g. Rabi oscillations during ESR pulses. Finally, this technique should be sensitive to capacitive changes in the LCR circuit as well and might be applicable to capacitive detected magnetic resonance studies. [20] At 30 nA a matching point is observed. The red and blue lines are guides to the eye and show a slope of -57.9 mV/nA and 48 mV/nA, respectively. 
